The aim of this study was to investigate whether dietary protein intake during gestation less than or greater than recommendations affects gilts growth and body composition, gestation outcome, and colostrum composition. German Landrace gilts were fed gestation diets (13.7 MJ of ME/kg) containing a low (n = 18; LP, 6.5% CP), an adequate (n = 20; AP, 12.1%), or a high (n = 16; HP, 30%) protein content corresponding to a protein:carbohydrate ratio of 1:10.4, 1:5, and 1:1.3, respectively, from mating until farrowing. Gilts were inseminated by semen of pure German Landrace boars and induced to farrow at 114 d postcoitum (dpc; Exp. 1). Energy and protein intake during gestation were 33.3, 34.4, and 35.8 MJ of ME/d (P < 0.001) and 160, 328, and 768 g/d, respectively, in LP, AP, and HP gilts (P < 0.001). From insemination to 109 dpc, BW gain was least in LP (42.1 kg), intermediate in HP (63.1 kg), and greatest in AP gilts (68.3 kg), whereas increase of backfat thickness was least in gilts fed the HP diet compared with LP and AP diets (3.8, 5.1, 5.0 mm; P = 0.01). Litter size, % stillborn piglets, and mummies were unaffected (P > 0.28) by the gestation diet. Total litter weight tended to be less in the offspring of LP and HP gilts (14.67, 13.77 vs. 15.96 kg; P = 0.07), and the percentage of male piglets was greater in litters of HP gilts (59.4%; P < 0.01). In piglets originating from LP and HP gilts, individual birth weight was less (1.20, 1.21 vs. 1.40 kg; P = 0.001) and birth weight/crown-rump length ratio was reduced (45.3, 46.4 vs. 50.7 g/cm; P = 0.003). Colostrum fat (7.8, 7.4 vs. 8.1%) and lactose concentrations (2.2, 2.1 vs. 2.6%) tended to be reduced in LP and HP gilts (P = 0.10). In Exp. 2, 28 gilts (LP, 10; AP, 9; HP, 9) were treated as in Exp. 1 but slaughtered at 64 dpc. At 64 dpc, LP gilts were 7% lighter than AP gilts (P = 0.03), whereas HP gilts were similar to AP gilts. Body composition was markedly altered in response to LP and HP feeding with less lean (P < 0.01) and greater fat content (P = 0.02 to 0.04) in LP and less fat content (P = 0.02 to 0.04) in HP gilts. Fetal litter weight and number, and embryonic survival at 64 dpc were not affected by the diets. These results indicated that gestation diets containing protein at 50 and 250% of recommendations and differing in protein:carbohydrate ratio led to marked changes in protein and fat metabolism in gilts resulting in fetal growth retardation of 15%, which mainly occurred during the second half of gestation.
INTRODUCTION
Intrauterine growth retardation, resulting in lighter BW at birth, is a significant problem in pig production (Wu et al., 2006) . Lighter birth weight piglets show reduced survival, compromised postnatal development (Roehe, 1999; Litten et al., 2003) , as well as decreased carcass and meat quality (Rehfeldt and Kuhn, 2006; Bé-rard et al., 2008; Rehfeldt et al., 2008) . In utero growth retardation, beside other factors such as number and position of fetus in the uterus, is mainly caused by limited oxygen and nutrient supply via the placenta. Nutrient supply to the fetus depends on maternal nutrient supply. In the pig, maternal protein-free or 8.5% protein diets led to lighter birth weight (Mahan, 1977; Pond et al., 1992) . A 0.5 and a 5.5% protein diet during gestation as compared with control diets (13 or 9.8% protein, respectively) led to less postnatal BW gain during the first 3 wk of life, to lighter market weight at the same age of slaughter, and smaller loin area in the offspring (Schoknecht et al., 1993; Kusina et al., 1999) . In sows, a low-protein diet during gestation (8.5 or 5.5%, respectively) resulted in less gestational BW gain (Mahan, 1977) but greater backfat depth, indicating changes in body composition (Kusina et al., 1999) . Less is known about the effects of excess dietary protein during gestation on the dams and on fetal growth. We have reported a lighter birth weight in rats with a maternal high protein diet (Daenzer et al., 2002) .
The objective of this investigation in gilts was to compare effects of 3 gestation diets with low, control, or high protein:carbohydrate ratios on growth and body composition of the gestating gilts, colostrum composition, as well as fetal (64 d postcoitum, dpc) and neonatal BW and size. We tested 2 hypotheses: 1) that limited and excess maternal protein intakes negatively affect fetal growth as previously observed in rodents, and 2) that this was associated with changes in maternal BW and body composition. Further effects on the offspring at various ages pre-and postnatally will be reported in detail elsewhere.
MATERIALS AND METHODS
Procedures performed in this study were in accordance with the German animal protection law and approved by the relevant authorities (Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei, Mecklenburg-Vorpommern, Germany).
Animals and Treatments
Pure German Landrace gilts bred at the pig breeding facility of the Leibniz Institute were used and the experiment was conducted over 8 replicates (Exp. 1). Before insemination, gilts were housed in single pens (0.6 m × 2.4 m). After the third estrus gilts were estrus-synchronized by daily oral administration of Regumate (altrenogest; Intervet Deutschland GmbH, Unterschleißheim, Germany) for 15 d, followed by injections of Pregmagon (equine chorionic gonadotropin; IDT Biologika GmbH, Dessau-Roßlau, Germany) and Gonavet Veyx (GnRH; Veyx Pharma GmbH, Schwarzenborn, Germany). Gilts were inseminated twice on 2 consecutive days with semen of pure German Landrace boars after it was confirmed that gilts were in standing estrus. At insemination, gilts had a mean (±SD) age of 241 ± 4 d, a mean BW of 150.6 ± 10 kg, and a mean backfat thickness of 19.9 ± 2.9 mm (A-mode ultrasound device; PIGLOG 105, Carometec GmbH, Lünen, Germany). At the day before the first insemination, gilts were randomly allocated to 3 dietary groups with a target CP of 60 (low protein, LP), 120 (adequate protein, AP), and 300 (high protein, HP) g/kg (Table 1 ). In Exp. 1, a total of 95 gilts were randomly allocated to the 3 dietary groups; 33, 17, and 36% of gilts in the LP, AP, and HP groups, respectively, returned to estrus, and were eliminated from the experiment. One of the HP gilts died, and 1 had a miscarriage. Finally, 19, 25, and 22 gilts (n = 66) fed the LP, AP, and HP diets, respectively, produced a litter. Experiment 2 was conducted over 5 replicates with 12 gilts per dietary group (see below). The day of the second insemination was defined as d 1 of gestation (1 dpc). Pregnancy was confirmed by ultrasound detection at 28 and 50 dpc, and pregnant gilts were moved to group pens (2.4 × 6.9 m) with concrete floor and a maximum of 4 sows per group.
Corn-barley, soybean meal diets (~13.7 MJ of ME/ kg) were used ( Table 1) . The LP and the HP diets were supplemented by crystalline l-AA to achieve AA patterns similar to the AP diet. Diets were fed between 2.3 and 2.9 kg/d to achieve an average target energy intake of ~34 MJ of ME/d during gestation following recommendations for primiparous sows (GfE, 2006) . The sows were fed twice daily at 0700 and 1500 h with 50% of the daily ration each time, and water was provided ad libitum. At 109 dpc, gilts were moved to individual farrowing stalls with a slatted floor (2.0 × 3.0 m). At 114 d of gestation, gilts were induced to farrow by injection with Longacton (carbetocine; IDT Biologika GmbH) followed by injection of PGF Veyx (cloprostenole sodium; Veyx Pharma GmbH) at 115 dpc and farrowed within 48 h.
Gilts were weighed at mating and at 25, 39, 53, 67, 81, 95 , and 109 dpc, and backfat thickness was measured concurrently. Backfat thickness was measured by ultrasound (Piglog 105, Carometec GmbH) at 10 cm caudal and 10 cm cranial to the last rib 8 cm off the midline on both sides in triplicate. The average was calculated and recorded.
Litter size (piglets born dead and alive), numbers of male and female piglets and mummies, and individual birth weights were recorded immediately after birth. Crown-rump length (the supine length of the piglet from the crown of its head to the base of its tail) was determined within 8 h after birth. Intralitter variability of birth weight was calculated according to Wittenburg et al. (2008) . Body mass index (kg/m 2 ) and ponderal index (kg/m 3 ) were calculated from birth weight and crown-rump length (Baxter et al., 2008) .
Feed
Feed intake was recorded weekly. Feed samples were taken at the beginning and the end of gilts gestation period and stored at −20°C for determination of nutrient composition at the certified laboratory of the Landwirtschaftliche Untersuchungs-und Forschungsanstalt, Rostock, Germany, analyzed by the Weender/ Van Soest standard procedure (Van Soest et al., 1991; Naumann and Bassler, 2004) . Nitrogen content was determined by elemental analyses (TruSpec CN, Leco Intrumente GmbH, Mönchengladbach, Germany) and multiplied by 6.25 to obtain CP. Feed AA analysis was performed according to Blackburn (1978) . Hydrolysates of each diet were prepared in triplicate. Cystine and methionine were determined as cysteic acid and methionine sulfone after oxidation with performic acid (16 h at 0°C) followed by hydrolysis with 6 N HCl (22 h at 110°C). An alkaline hydrolysis was performed to de- 
Colostrum
Colostrum samples of gilts were collected within 2 h after birth of the first piglet. Pooled samples from 4 anterior teats were obtained by hand stripping of the glands without oxytocin administration. Samples were analyzed for DM, CP, fat, and lactose as described by Görs et al. (2009) , with the exception that 0.5 mL was used for fat determination (1:2 diluted with ultra-pure water) and 0.2 mL for lactose (1:5 diluted with ultrapure water), respectively. For analyses of immunoglobulins, colostrum samples were centrifuged at 48,100 × g for 60 min at 4°C to remove milk fat. Concentrations of IgG, IgA, and IgM were determined in duplicate with porcine specific ELISA according to the manufacturer's instructions (Bethyl Laboratories Inc., Montgomery, TX).
Reproductive Traits, Carcass, and Meat Quality at 64 dpc Experiment 2 was conducted over 5 replicates. Another group of gilts was inseminated, and 28 of them (AP, 9; HP, 9; LP, 10) were investigated at 64 d of gestation. Gestation d 64 was selected because detailed examination of fetuses is planned at a stage of myogenesis, when primary myofiber formation is completed. Gilt management and dietary treatments were as described above. Here we report selected reproductive traits, body composition, and meat quality of the gilts.
At 64 dpc, the fetuses of pregnant gilts fed the experimental diets were removed by cesarean section after anesthesia with azaperon (Stresnil, Janssen-Cilag, Neuss, Germany; 0.5 mL/10 kg of BW) and ketamine (Ursotamin, Serumwerk Bernburg AG, Bernburg, Germany; 1 mL/10 kg of BW). Thereafter, the incision was sewn up and the anesthetized gilts were professionally killed by bleeding to determine carcass and meat quality. Upon slaughter, reproductive tracts were removed. Uteri and ovaries were weighed, and the corpora lutea were counted to determine ovulation rate. Embryo survival was determined as a percentage of fetuses relative to the number of corpora lutea.
After slaughter, perirenal and omental fat were collected and weighed. Carcass quality was estimated on left carcass half. Loin muscle area and fat area over the loin were measured by planimetry on a cut at the 13th-14th ribs. Backfat thickness in carcasses represents the average of measures at the 3rd and 11th thoracic vertebrae and of the smallest measure over the gluteus medius muscle in the lumbar region according to German guidelines for breed value assessment in pigs. After chilling, carcasses were dissected into cuts as described previously (Kuhn et al., 1994) . Moreover, primal cuts, such as loin, ham, neck, and shoulder were manually dissected into meat (muscle plus intermuscular fat), subcutaneous fat, and bones. Chemical analysis for water/ DM, CP, fat, and ash of the cuts was carried out using the FoodScan Pro/Lab Type 78800 (Foss Analytical A/S (Hillerød; Denmark) with the exception of subcutaneous fat, which was analyzed according to standard methods (AOAC, 1990) . The chemical composition of the carcass was calculated from the results obtained for all individual cuts.
The following characteristics of meat quality were determined in LM (13th-14th ribs) and semitendinosus muscle (mid-belly): pH measured 45 min (pH 45 ) and 24 h (pH 24 ) postmortem, conductivity, lightness (L*), redness (a*), yellowness (b*), drip loss, and intramuscular fat content. With the exception of pH 45 value, all characteristics were determined at 24 h postmortem.
The pH values were measured by an insert electrode (pH-Star, Matthäus, Pöttmes, Germany). Likewise, for measurements of conductivity, the manual device LFStar (Matthäus) was used. Meat color (L*, a*, b*) was measured with the CR-200 (Minolta AG, Langenhagen, Germany) at a blooming time of 30 ± 2 min. Drip loss was defined as the weight loss of a meat sample (50 g) wrapped in foil, after storage time of 24 h (24 to 48 h postmortem) in a refrigerator (4°C). The intramuscular fat content was determined by extraction of a meat sample with petroleum ether (Kuhn et al., 1994) .
Statistical Evaluation
In Exp. 1, 19 LP, 25 AP, and 22 HP gilts (n = 66) gave birth. Four litters had only 2 to 3 piglets (3 AP, 1 HP) and were excluded. Because Exp. 1 had 1 replicate with AP and HP gilts only, 54 gilts finally were included in the statistical analysis of the gilt data, with 18, 20, and 16 gilts in the LP, AP, and HP groups, respectively. In Exp. 2, 28 gilts (AP, 9; HP, 9; LP, 10) were analyzed. Data were evaluated using SAS (SAS Inst. Inc., Cary, NC). Results are reported as least squares means ± SE.
The gilt data of Exp. 1 and 2, with exception of BW and backfat thickness, were analyzed by a 2-way ANOVA with the fixed-factor diet and replicate and the interaction diet × replicate. Because we observed slight but significant differences in food and energy intakes during gestation between the dietary groups, their possible influences on the variables measured were tested in a model with the addition of the covariate food intake or energy intake. The covariates were not significant (all P > 0.2) and, thus, were not included in the final model. In Exp. 2, diet × replicate interaction was not significant and therefore not considered. In Exp. 1, repeated measures ANOVA (PROC MIXED) was used to evaluate the effects of diet on gilt BW and backfat thickness. The model included the fixed-factor diet, replicate, the repeated factor time, and the interactions of diet × replicate and diet × time.
A contingency table was constructed with diet and numbers of gilts that returned to estrus until 50 dpc. A χ 2 test was used to evaluate whether there was a diet dependency in the proportion of gilts returning to estrus.
Offspring data of a total of 745 newborn piglets (litter size and BW, BW at birth, crown-rump length, BW at birth to crown-rump length ratio, body mass index, and ponderal index) born to 62 gilts from Exp. 1 was analyzed with PROC MIXED using the fixed-factor diet, replicate, piglet sex, litter size group (litters <13 and ≥13 piglets according to 13 as the median of litter size), the random factor gilt nested in diet × replicate × litter size group, and the interactions of diet × sex and diet × litter size group.
Posthoc comparisons between different diet groups were made using the Tukey-Kramer test. The significance level was set at P ≤ 0.05, and a tendency was considered when 0.05 < P ≤ 0.10.
RESULTS

Feed Intake and Gilt Performance
Energy intake of gilts in the LP group was slightly less compared with the AP group, and HP gilts consumed slightly more energy than the gilts in the AP group (P = 0.001; Table 2 ). Significant diet × replicate interactions indicated that the diet effect in the replicates differed in magnitude but not in direction of the effect. All gilts ingested energy at or close to the recommended amount for gestating gilts (GfE, 2006;  Table 2 ). Dietary protein intake in the groups differed as targeted. The intake of indispensable AA in the LP gilts was about 50% less than recommendations, whereas in the HP group, gilts consumed about 250% of indispensable AA as compared with the AP group (P < 0.001). Therefore, the responses to the LP and HP diets obtained are mainly a function of the protein intake of gestating sows (Tables 1 and 2 ). The differences in carbohydrate intake between groups were less; the intake of starch and sucrose was at ~60 and 106% of the control group in the HP and LP gilts, respectively (Table 2 ). For most of the variables in Table 2 , significant diet × replicate interactions were observed; however, the diet response differed in magnitude but not in direction.
Cumulative BW gain as well as daily BW gain from insemination to 109 dpc was least in the LP group and intermediate in the HP group ( Figure 1 ; Table 2 ). The cumulative increase in the gain of backfat thickness was least in gilts fed the HP diet during gestation, whereas LP gilts showed similar values as the AP group ( Figure  2) . Interestingly, the difference in backfat gain between the dietary groups became apparent between d 25 and 39 of gestation and was maintained thereafter. On average, in the LP gilts, 6.7 kg of feed, corresponding to 0.8 MJ of ME, was needed for 1 kg of BW gain, which was greatest among groups (Table 2 ). In contrast to LP gilts, gilts fed the HP diet ingested more than 3 times as much protein to achieve 1 kg of BW gain.
Final BW and carcass weight of gilts at 64 dpc were influenced by the diets in that the LP gilts were 7% lighter than adequately fed gilts (P = 0.03), whereas no difference was found between HP and AP gilts (Exp. 2; Table 3 ). The absolute and relative weights of the inter- Table 2 . Feed, energy, and AA intakes and efficiencies, and daily BW gain of gilts fed experimental diets with low (6.5%), adequate (12.1%), and high (30%) protein content throughout gestation (Exp. 1) Protein intake during gestation in gilts nal fat depots, such as omental and perirenal fat, were less in gilts fed the HP diet compared with adequately fed gilts (P = 0.02). In addition, omental (P = 0.04) but not perirenal fat percentage (P = 0.20) increased in response to the LP diet. In LP gilts, loin area was 14% smaller than in AP gilts, whereas fat area over the loin remained unchanged. Manual dissection of primal cuts revealed that lean percentage was decreased by 2 to 3% units (P = 0.003) and the proportions of subcutaneous fat (P = 0.02) and bone (P = 0.03) correspondingly increased in gilts fed the LP diet compared with gilts fed the AP diet. Consistently, the carcass of LP gilts contained more fat and less protein, ash, and water (P < 0.01). The HP diet was without effects on loin area and muscle meat percentage. However, fat area over the loin tended to be decreased (P = 0.06) and subcutaneous fat percentage was smaller compared with the AP group (P = 0.04). Nevertheless, backfat thickness was found not to be reduced in HP gilts compared with AP and LP gilts in Exp. 2 despite less backfat gain observed in Exp. 1 (different technique). This was also true when the 3 different measurement points were considered separately, with the exception that backfat thickness over the gluteus medius muscle was smaller in HP vs. LP gilts (1.71 vs. 1.96 cm; P < 0.05) and tended to be smaller vs. AP gilts (1.93 cm; P = 0.09). Chemical analysis revealed that the carcass of HP gilts contained more water (P = 0.05) and tended to contain less fat (P = 0.06) and more protein (P = 0.07) compared with AP gilts.
The dietary treatments did not affect technological meat quality in LM (Table 4 ) and semitendinosus muscle (data not shown) of gilts with the exception that the intramuscular fat percentage was significantly greater in response to the LP diet as compared with the HP diet in both muscles (P < 0.05).
Gestation Outcome and Colostrum Composition
In the HP group, the proportion of gilts that returned to estrus within 50 d after insemination tended to be greater than in AP gilts (36.1 vs. 16.7%; P = 0.08). Gestation duration was not found to be affected by diet (115 ± 3 d; P = 0.31). Six of 54 gilts (2 AP, 2 HP, and 2 LP) had mummies, which was independent of the diet fed, as were litter size and the percentage of stillborn piglets (Table 5) . Total litter weight tended to be less in the offspring of LP and HP gilts (P = 0.07), and the percentage of males was greater in litters of gilts fed the HP diet during gestation compared with AP gilts (P = 0.002; Table 5 ). The significant diet × replication interaction resulted from a smaller percentage of HP males as compared with the AP males in one of the replicates. Diet did not affect intralitter birth weight variability (Table 5 ). Individual birth weight was less (P < 0.01) in piglets originating from LP and HP gilts, and males were heavier (P = 0.001) than females (Table 6 ). The sexes did not respond differently to the gestation diets as derived from the nonsignificant diet × sex interaction (P = 0.57). Crown-rump length did not differ among dietary groups, but males were longer (P < 0.05) than female piglets. Birth weight to crown-rump length ratio was reduced in offspring of HP (P = 0.02) and LP (P < 0.01) gilts compared with AP offspring, and was greater (P < 0.01) in males than in females (Table 6 ). Body mass index of piglets was smaller in offspring of LP gilts (P < 0.05) and tended also to be reduced in offspring of HP gilts compared with AP gilts (P = 0.07; Table 6 ). Birth weight, birth weight to crown-rump ratio, and body mass index were greater (P < 0.05) in small litters (<13; Table 6 ). No differences in response to the diets or by sex and litter size were observed in the ponderal index. Birth weight frequency distribution shows that litters with an average birth weight of less than 1.2 kg were more frequent for LP and HP gilts, whereas a birth weight of 1.4 kg and larger occurred more often in AP gilts (Figure 3) . Overall, for LP and HP litters, frequency distribution of birth weights was shifted to the left.
Colostrum lactose and fat concentrations tended to be less in gilts fed the LP and the HP diets during gestation (P = 0.10; Table 7 ). In contrast, CP and immunoglobulin concentrations in colostrum did not differ due to diet (Table 7) .
At 64 dpc, no differences according to dietary interventions were found in reproductive performance traits (Table 8 ). The number of live fetuses, the percentage of mummies, the distribution of sex, and the weights of uterus and ovaries were not changed by the experimental diets. Average fetal weight and fetal litter weight were not affected in response to the HP and LP diet; embryonic survival had numerically smaller values, especially in HP gilts (P = 0.12; Table 8 ). 
DISCUSSION
The major novel finding of our study is that offspring born to gilts receiving a diet containing excess dietary protein throughout gestation had lighter birth weights and were thinner at birth, similar to what was observed for progeny from gilts fed the LP diet. The reduced birth weight of piglets born to gilts fed a restricted protein diet was to be expected from previous observations (Mahan, 1977; Pond et al., 1992; Davis et al., 1997) . Nevertheless, we found here that a gestation diet containing 50% of the recommended protein caused a significant but smaller reduction of birth weight than previously reported for 0.5% maternal protein (Pond Table 5 . Litter size and weight, percentage of males, stillborn, and mummies at birth of offspring originating from gilts fed experimental diets with low (6.5%), adequate (12.1%), and high (30%) protein content throughout gestation (Exp. 1) Intra-litter variability of birth weight was calculated as square root of the pooled litter variance of male and female piglets within each litter (Wittenburg et al., 2008) . Table 6 . Birth weight, crown-rump length, birth weight/crown rump length ratio, body mass index (BMI), and ponderal index at birth of male and female offspring originating from gilts fed experimental diets with low (6.5%), adequate (12.1%), and high (30%) protein content throughout gestation (Exp. 1) Within a row, means not sharing a common superscript differ significantly (P < 0.05) according to the Tukey post hoc test. , 1997) . Some data in rodents indicate that increased protein intake during gestation has negative effects on BW at birth, albeit the findings are inconsistent (Daenzer et al., 2002; Thone-Reineke et al., 2006; Kucia et al., 2011) . Epidemiological studies in women show that increased protein intakes during pregnancy also resulted in fetal growth retardation (Campbell-Brown et al., 1986; Rush, 1989; Andreasyan et al., 2007) . Because effects of longer term increased protein intake are not well described (Metges and Barth, 2000) , especially in reproducing individuals, we used this opportunity to test such effects in reproducing pigs as a model for humans. A gestation diet of 30% protein was chosen to simulate a very high protein intake as observed in dieting women (Moran et al., 2003; Noakes et al., 2005) . Recently, we also found a reduced individual birth weight and a reduced litter weight after feeding gestating mouse dams with an increased protein diet (Kucia et al., 2011) . Interestingly, litter weight of HP and LP groups tended to be less than in the control gilts, suggesting a less efficient fetal weight accretion in gilts receiving a restricted or excess dietary protein in spite of unchanged litter size. Considering the fetal litter weights at 64 dpc, which did not differ among dietary treatments, data from the current study suggest that the observed differences in birth weight is likely the consequence of different BW gain during the second half of gestation. Previous research has also shown that the effect of maternal protein restriction on fetal BW seems to be time-dependent. Thus, Schoknecht et al. (1994) reported that fetal BW at 63 dpc tended to be reduced in severely protein-restricted (0.5%) sows, whereas at 44 dpc individual fetus weight was not yet reduced (Pond et al., 1992) . These findings are in agreement with reports showing that in porcine fetuses BW at 115 dpc were greater by a factor of 10 compared with 62 dpc, whereas fetal protein content increased 18-fold during the same period of time (Mahan et al., 2009 ). In our study, dietary energy intake, although significantly different, likely played a negligible role because all gilts were fed at or close to the recommended intakes (GfE, 2006) . Nevertheless, it has been observed that food intake of protein-restricted gilts decreased by 10 to 40% in the second half of pregnancy (Pond et al., 1992) . In our study, feed intake in the LP gilts was only slightly less than the control AP group. There are different potential reasons for the observed lighter birth weight indicating fetal growth retardation in LP and HP piglets. The presence of glucose and AA are of paramount importance during early development. At this stage glucose is not only required for energy production but also as a precursor for phospholipids, glycoproteins, ribose, and NAD phosphate (Gardner et al., 2000) . Amino acids are used in the embryo as bio- Figure 3 . Frequencies of birth weights in offspring of 62 gilts fed experimental diets with low (LP: 6.5%, n = 238 piglets), adequate (AP; 12.1%, n = 259 piglets), and high (HP; 30%, n = 248 piglets) protein content throughout gestation (Exp. 1). The values 1.18 and 1.56, and 1.36, represent the 25 and 75% percentiles and the median of piglet birth weight in the AP group. Twenty-five and 75% percentiles of birth weight in HP and LP piglets were 1.02 and 1.42, and 1.02 and 1.34, respectively. The birth weight medians in HP and LP piglets were 1.20 and 1.18, respectively. Both HP and LP offspring showed a shift of birth weight distribution to the left. Values are least squares means ± SE per diet over 6 replicates. Protein intake during gestation in gilts synthetic precursors, sources of energy, and regulators of energy metabolism (Gardner et al., 2000) .
In the HP piglets, the lighter birth weight might be related to the excess of protein, a lack of carbohydrates in the maternal organism, or both. In rodent and sheep models, an increased concentration of ammonium as well as greater periconceptional protein intake decreased the number of developing blastocysts, perturbed embryonic metabolism, lead to impaired fetal growth, and increased early embryonic losses (Lane and Gardner, 2003; Gardner et al., 2004; Meza-Herrera et al., 2010) . This is in line with the present study. In response to the HP diet, the proportion of gilts that returned to estrus within 50 d after insemination tended to be greater, the embryo survival rate was numerically (by 13%) less, and fetal growth was impaired. Greater protein intake increases the need for irreversible N disposal and thermogenesis (Halton and Hu, 2004) . In one of our recent studies, gestating and lactating mouse dams responded to increased protein diets with a reduction of adipose tissue, an exhaustion of liver glycogen, and an activation of hepatic ureagenesis and gluconeogenesis (Kuhla et al., 2010) . Gestating gilts fed the HP (high protein, low carbohydrate) diet had clearly reduced body fatness, probably due to the increased metabolic costs of ureagenesis and gluconeogenesis. Thus, it appears that less metabolic energy was available for fetal growth in the HP-fed gilts, resulting in lighter birth weight.
In addition, intake of diets with increased protein but decreased carbohydrate concentration results in an induction of protein catabolism and causes a characteristic plasma AA profile with increased concentrations of branched chain AA and reduced concentrations of Thr, Glu, Gly, Ala, Ser, and Gln (Moundras et al., 1993; Noguchi et al., 2006) . This can be seen as a reflection of the effort of the organism to maintain N homeostasis while providing precursors for gluconeogenesis. Whether inadequate AA supply is a responsible factor for fetal growth retardation in HP fetuses remains to be determined.
The reason for growth retardation in LP offspring partly might be an absolute lack of indispensable AA as shown previously in fetuses of protein-restricted sows (Wu et al., 1998) . A reduction of fetal weight in offspring of protein-restricted rat dams was associated with reduced nutrient delivery by downregulation of specific AA transport proteins (Malandro et al., 1996; Jansson et al., 2006) . Whether this is also the case in HP porcine fetuses remains to be determined. It was shown that during late gestation maternal Leu flux into the placenta supplying growth-retarded fetuses was reduced, as were the concentrations of indispensable AA in fetal plasma (Ashworth and McArdle, 1999; Regnault et al., 2005) . Besides AA, aberrant concentrations of other metabolites and hormones such as insulin, leptin, and IGF-1 (Atinmo et al., 1976; Jansson et al., 2006) or glucocorticoids (Langley-Evans et al., 1996; Klemcke and Christenson, 1997; Fowden and Forhead, 2004) might be an additional causal factor for fetal growth retardation, at least in LP offspring. In summary, it remains to be determined which of the discussed factors might be responsible for fetal growth retardation in the present study.
Surprisingly, the percentage of males was greater in litters of HP gilts. That energy intake or status, diet composition, or excess of nutrients premating or during early gestation can affect the proportion of males at birth has been reported earlier (Rosenfeld and Roberts, 2004; James, 2008; Mathews et al., 2008) . However, whether the greater proportion of males observed in our study is causally related to the dietary high protein/low carbohydrate diet is difficult to discern at this time, particularly when considering the apparently reduced male percentage in AP offspring. It remains to be determined whether metabolic differences (e.g., insulin, IGF-1, glucagon, glucose, or AA) between gilts on ei- ther a high-protein, low-carbohydrate or a low-protein diet could lead to specific conditions in the oviduct or uterus favoring one sex. It is known that during early gestation, nutrition can affect embryo survival and a restricted intake before breeding selectively affected female embryo survival (Aherne and Williams, 1992; Foxcroft, 1997; Vinsky et al., 2006) . However, our data do not indicate diet-dependent differences in sex-specific embryo survival during the first half of gestation, when survival rates were nonsignificantly less in the LP and HP groups. Both LP and HP gilts during gestation showed reduced BW gain compared with the AP group. Reduced gestational gain due to dietary protein restriction was shown earlier (Mahan, 1977; Pond et al., 1992) . Highprotein diets cause BW loss by inducing longer postprandial satiety and increase dietary thermogenesis (Halton and Hu, 2004) . However, reduced appetite was not a factor in our HP gilts; their energy intake was slightly greater than that of the control gilts. Reduced BW gain in both groups was accompanied by a different development in body composition. We provide the first data on body composition of gestating gilts by dissection in response to low-and high-protein diets. Analyses of gilts at 64 dpc reveal that the HP diet reduced the absolute and relative deposition of internal and carcass fat depots, whereas lean accretion remained unchanged. Obviously, the carbohydrate content in the diet was too small to support normal fatty acid synthesis and deposition. Furthermore, high protein diets increase thermogenesis and thus provide less NE to be deposited as fat.
Our results on body composition (Exp. 2) are consistent with the decreased backfat gain observed by ultrasound in response to the HP diet in this study (Exp. 1). The lack of significant differences in average backfat thickness at 64 dpc may be due to the different locations at which backfat was measured in Exp. 1 and Exp. 2 or to the smaller number of gilts examined. Moreover, the decreased backfat thickness over the gluteus medius muscle and unchanged backfat thickness at the 3rd and 11th thoracic vertebrae in HP gilts at 64 dpc may indicate that the response in backfat growth to the diets is site-specific. Reductions in fat accretion that result from feeding increasing concentrations of dietary protein are also well documented for pregnant sows (Mahan, 1998) , and nonpregnant young and growing-finishing pigs (Campbell and Dunkin, 1983; Chen et al., 1999; Millet et al., 2006) . Young pigs fed 14 or 25% protein (Campbell and Dunkin, 1983 ) and growing-finishing pigs (Millet et al., 2006) fed between 14 and 20% CP differed not only in fat deposition but also in protein or lean percentage, respectively, which was not the case in our pregnant gilts, possibly related to their older age and slower growth rate. In young growing gilts an optimum for lean accretion was observed at 16% CP (Chen et al., 1999) . Thus, very large amounts of dietary protein were not beneficial for body protein content, but led to large reductions in fat deposition. In contrast to the effects of the HP diet, the LP diet clearly decreased absolute and relative lean accretion and increased the relative fat deposition in terms of omental, subcutaneous, and intramuscular fat. Signs of increased fatness (backfat depth) of gilts have been observed previously (Pond et al., 1992; Kusina et al., 1999) with decreased protein content in the gestation diet. Together with the decreased BW and carcass weight seen in LP gilts, our results indicate that greater relative body fatness mainly results from impaired lean tissue protein accretion because fat deposition was not changed in absolute terms in response to this diet. Taken together, as potential reasons for impaired fetal growth, the changes in the body composition of the gilts are indicative of a deficiency in metabolic energy in the case of HP feeding and of an absolute lack of indispensable AA in response to LP feeding as discussed above.
The HP and LP diets did not affect meat quality of the gilts in terms of water-holding capacity, pH, and color. Because these traits, at least in part, are related to in vivo muscle energy metabolism (Scheffler and Gerrard, 2007) , these results may suggest that dietary treatments did not cause substantial changes in the muscle energy metabolism of gilts. The increased intramuscular fat content in LP gilts compared with HP gilts has to be considered in relation to the overall increase in relative fatness in these gilts. There are no comparable data on meat quality available for pregnant gilts. However, our data are consistent with reports on unchanged meat quality in growing finishing pigs fed protein amounts between 14 and 20% (Millet et al., 2006) .
It is known that colostrum fat content of gilts is greater than in sows (Mahan, 1998; Averette et al., 1999; Farmer and Quesnel, 2009) . In HP and LP gilts, fat content of colostrum tended to be less, which is consistent with the decreased backfat thickness in the HP gilts. The fat content of colostrum did not differ in sows fed a gestation protein content of 13 or 16% (Mahan, 1998) , indicating that reducing effects on colostrum fat due to greater dietary protein intake during gestation requires a protein content far greater than 16%.
In conclusion, gilts fed diets which contain 6.5 or 30% protein compared with 12.1% throughout gestation show reduced growth performance, which is associated with increased or decreased body fatness, respectively, and altered colostrum composition. Both the excess and the reduction of maternal dietary protein content impair fetal growth manifested in reduced birth weight of the offspring. This may have long-term consequences for reproductive performance of the gilts in later parities and on postnatal growth and carcass quality of the offspring. 
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